We report operation of a terahertz quantum-cascade laser at 3.8 THz (Ϸ79 m) up to a heat-sink temperature of 137 K. A resonant phonon depopulation design was used with a low-loss metalmetal waveguide, which provided a confinement factor of nearly unity. A threshold current density of 625 A/cm 2 was obtained in pulsed mode at 5 K. Devices fabricated using a conventional semi-insulating surface-plasmon waveguide lased up to 92 K with a threshold current density of 670 A/cm 2 at 5 K. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1635657͔
The extension of quantum-cascade laser ͑QCL͒ 1 operation from the mid-infrared into the underdeveloped terahertz frequency range ͑1-10 THz, 30-300 m͒ [2] [3] [4] promises to provide new compact, coherent sources for applications such as spectroscopy, sensing, and imaging. At this early stage of development, high-temperature performance of terahertz QCLs is still rather limited, and cryogenic operation is required. For these lasers, the photon energy ប is smaller than the LO phonon energy (E LO ϭ36 meV in GaAs͒, and nonradiative relaxation via LO-phonon scattering is suppressed for cold electron distributions. However, at higher temperatures, thermally activated LO-phonon scattering dominates the upper state lifetime according to Ϫ1 ϰexp͓(ប ϪE LO )/k B T e ͔, where T e is the electron temperature. As a result, the gain in terahertz QCLs has a much stronger temperature dependence than the gain in mid-infrared QCLs, where បϾE LO . For terahertz QCLs, operation has been obtained up to 103 K in pulsed mode and 68 K in cw mode in a bound-to-continuum design. 5, 6 For chirped superlattice designs, lasing has been obtained at 74 K in pulsed mode, and 48 K in cw mode. 7 For both of these designs, depopulation of the lower radiative state takes place via intraminiband transport and scattering. High-temperature performance has been limited by various combinations of thermal backfilling of the lower radiative state from the injector, and reduction of the upper state lifetime due to thermally activated phonon scattering.
A different approach was taken for resonant phonon devices, 4, 8 in which depopulation of the lower radiative state occurs via subpicosecond LO-phonon scattering. The large energy separation (уE LO ) between the injector states and the lower radiative state reduces thermal backfilling. Lasing was observed in pulsed mode up to 87 K, 9 but cw operation of this first design was not obtained, due to its relatively large threshold current density (J th Ͼ800 A/cm 2 ). The large J th did not necessarily reflect a weak gain or high optical loss, but rather it was inflated by the presence of a strong parasitic current channel. 10 In this letter, we report lasing up to a heat-sink temperature of T max ϭ137 K in a resonant phonon structure ͓shown in Fig. 1͑a͔͒ that is very similar to the one reported in Ref. 4 , except that the 24 Å intra-injector barrier was thickened to 30 Å. This change narrowed the 2-1 injector anticrossing from ⌬ 21 ϭ6.5 meV to ⌬ 21 ϭ5.0 meV. The intent was for a tighter injection doublet to provide more selective injection into the upper radiative state nϭ5. In addition, below the design bias, the thicker barrier reduces the coupling between the injector state nϭ1Ј and the excited state nϭ3 in the wide well of the next module, which was the cause of the aforementioned parasitic current channel.
The structure, labeled FL178C-M1, was grown by molecular-beam epitaxy on a semi-insulating ͑SI͒ GaAs substrate with 178 cascaded modules. Cladding and contact layers were grown as in Ref. 11 Al 0.5 Ga 0.5 As etch-stop layer was 0.3 m thick, and the lower n ϩ GaAs contact layer was 0.8 m thick and doped at 3ϫ10 18 cm Ϫ3 . This device was fabricated into a low-loss, high-confinement metal-metal waveguide using In-Au metallic wafer bonding as described in Ref. 11 , and ridges were dry etched using the top Ti/Au ͑200/4000 Å͒ metallization as a self-aligned etch mask. Devices were also processed into SI surface-plasmon ͑SISP͒ waveguides using wet etching, as described in Ref. 4 . For the SISP devices only, a highreflectivity ͑HR͒ coating (Al 2 O 3 /Ti/Au) was evaporated on the cleaved rear facet. One-dimensional mode profiles were calculated for the two waveguides, and are shown in Figs. 1͑b͒ and 1͑c͒. At 3.8 THz, a waveguide loss of ␣ w ϭ14.2 cm Ϫ1 and a confinement factor of ⌫ϭ0.98 were obtained for the metal-metal waveguide, while ␣ w ϭ8.2 cm Ϫ1 and ⌫ϭ0.324 were obtained for the SISP guide. Drude-model relaxation times of 0.1, 0.5, and 0.05 ps were used for the heavily doped semiconductor, lightly doped semiconductor, and gold, respectively.
The highest operating temperatures were observed from the metal-metal waveguide devices. Light versus current (L -I) characteristics taken from typical devices are shown in Fig. 2 . A 150-m-wide, 2.74-mm-long Fabry-Pérot ridge lased up to a heat-sink temperature of T max ϭ137 K when biased with 200 ns pulses repeated at 1 kHz. This device displayed a threshold current density of J th ϭ625 A/cm 2 at 5 K. In addition, a 60-m-wide, 2.48-mm-long ridge lased up to 131 K, with J th ϭ630 A/cm 2 at 5 K. Voltage versus current (V -I) characteristics are also shown from a similar, but smaller device ͑100 m wide, 1.45 mm long͒. In these devices, lasing occurs up to a peak current density of ϳ1400 A/cm 2 , whereupon the injector subband nϭ1Ј becomes misaligned with the upper radiative state nϭ5, and negative differential resistance is observed. The shoulder in the V -I at approximately 500 A/cm 2 (ϳ10 V) corresponds to the previously mentioned parasitic current channel;
10 electrons are not injected into the upper radiative state until the device is biased beyond this point. Indeed, lasing begins at a current density only slightly higher than this parasitic channel, which indicates that J th is still limited by the parasitic channel rather than by intrinsic gain or loss. Compared to the previous design, in which the lowest obtained threshold was J th ϭ806 A/cm 2 , increasing the intra-injector barrier thickness suppressed the parasitic channel and reduced J th . A plot of J th versus heat-sink temperature is shown in the inset of Fig. 2 , along with a fit to the phenomenological relation J th ϭJ 0 ϩJ 1 exp(T/T 0 ). The extracted characteristic temperature is T 0 ϭ33 K. This value is significantly smaller than those for mid-infrared QCLs, which are typically greater than 100 K. Using ridges of different widths did not affect device performance very much. In addition to the devices mentioned earlier, a 100-m-wide ridge and an 80-m-wide ridge of the same length ͑2.74 mm͒ displayed T max ϭ136 and 131 K, respectively. In addition, a circular device with a 400 m diameter lased in a whispering gallery mode with T max ϭ105 K.
The sharp feature in the V -I associated with the parasitic channel (ϳ10 V) is likely an indication that high-field domains have developed, and individual modules or groups of modules have ''jumped'' to higher biases to maintain constant current. This is an unintended side effect of tightening the injection doublet. Even though most modules return to their correct alignment as the bias is increased past the high differential resistance region, there is no guarantee that all modules will be correctly biased. In fact, the threshold bias voltage of ϳ14 V is much higher than the designed value of 178ϫ64 mVϷ11.4 V, which indicates that many modules are probably biased at much higher voltages than designed. Hence, injector design should be optimized to further suppress the parasitic channel and prevent high-field domain formation.
Pulsed spectra taken at up to 136 K from a 100-mwide, 2.74-mm-long Fabry-Pérot ridge structure are shown in Fig. 3 . Lasing was seen at approximately 3.8 THz, which corresponds to a wavelength of Ϸ79 m and a photon en- ergy of 15.7 meV. This is somewhat higher than the 14 meV photon energy observed for the device in Refs. 4 and 9. This is consistent with high-field domain development, in which modules jump to higher bias points than they otherwise might so that the separation E 54 is increased due to Stark shift. The observed frequency shift at different temperatures is not due to temperature tuning, but rather due to modehopping caused by the shift of the gain curve at slightly different bias points. The spontaneous emission linewidth is measured to be 6 meV (ϳ1.5 THz). The line shape is far different from a Lorentzian, and this broad linewidth is likely due to non-uniform alignment of different modules. As observed previously, 11 the metal-metal waveguide devices lased only for approximately the first 10-30 s of an applied pulse. This is attributed to rapid heating of the active region caused by a large thermal resistance at the bonding interface. This phenomenon has been observed in similar metal-metal waveguide QCLs that operated in the mid-infrared. 12 Improvements in bonding layer quality should alleviate this problem.
Devices fabricated using SISP waveguides were also tested, but did not achieve the same high-temperature performance as their metal-metal counterparts. A 150-m-wide, 2.97-mm-long ridge with a HR-coated rear facet obtained T max ϭ92 K, with J th ϭ670 A/cm 2 at 5 K. A peak collected power of approximately 2.5 mW was observed in pulsed mode from a 150-m-wide, 1.5-mm-long, HR-coated ridge. The lower T max of the SISP device is primarily due to the extra loss and low confinement factor ⌫. A small value of ⌫ inflates the effect of the mirror losses ␣ m , since the total threshold gain is given by g th ϭ(␣ w ϩ␣ m )/⌫. In addition, the mirror losses are further reduced for metal-metal waveguides due to the increased facet reflectivity caused by the impedance mismatch between the tightly confined mode and free space. Current spreading in the wet-etched SISP devices may also have reduced the available gain. 9 However, heat removal for these structures was much better than for the metal-metal devices. For a 150-m-wide, 1.5-mm-long, HR-coated ridge, cw operation was briefly observed for several seconds at 13 K before heat buildup in the cryostat stopped operation.
Monte Carlo simulations of active region transport and gain were performed as described in Ref. 10 and are consistent with the experimental results. As shown in Fig. 4 , the calculated peak gain declines as the lattice temperature T l rises above ϳ80 K and 5 decreases due to thermal activation of LO-phonon scattering from nϭ5 into nϭ3 and 4. The simulation results indicate that for T l below ϳ80 K, the electron temperature T e is not very sensitive to T l , whereas above ϳ80 K, T e tracks T l with a temperature difference (ϳ20-60 K) that depends on the subband. At T l Ͼ80 K, cooling due to intrasubband LO-phonon scattering becomes efficient, keeping T e not too much above T l . 13 From the calculated losses, which were approximated as temperature independent, we can estimate the maximum operating temperature of the laser to be ϳ85 K for a SISP waveguide, and ϳ160 K for a metal-metal waveguide. These values correspond reasonably well with the measured maximum temperatures of 92 and 137 K, respectively.
In conclusion, we have extended the temperature range for lasing in resonant phonon terahertz QCLs by improving injection and reducing waveguide losses. Redesign of the injector region should prevent the development of high-field domains ͑which will result in a narrower linewidth and more modules contributing to gain͒, and should further reduce the parasitic current channel, which would allow lower thresholds and even higher temperature operation. Improvements in metallic wafer bonding and heat-sinking for metal-metal waveguides will allow for more robust cw operation. 
